To examine the hypothesis that the ancestral role of the toxR gene in the family Vibrionaceae is control of the expression of outer membrane protein (OMP)-encoding genes for adaptation to environmental change, we investigated the role of the toxR gene in Vibrio anguillarum, an important fish pathogen. The toxR gene of V. angullarum (Va-toxR) was cloned from strain PT-87050 isolated from diseased ayu (Plecoglossus altivelis), and the sequence was analyzed. The toxR sequence was 63 to 51% identical to those reported for other species of the family Vibrionaceae. Distribution of the Va-toxR gene sequence in V. anguillarum strains of various serotypes was confirmed by using DNA probe and PCR methods. An isogenic toxR mutant of V. anguillarum PT-24, isolated from diseased ayu, was constructed by using an allelic exchange method. The wild-type strain and the toxR mutant did not differ in the ability to produce a protease(s) and a hemolysin(s) or in pathogenicity for ayu when examined by the intramuscular injection and immersion methods. A 35-kDa major OMP was not produced by the toxR mutant. However, a 46-kDa OMP was hardly detected in the wild-type strain but was produced as the major OMP by the toxR mutant. For the toxR mutant, the MICs of two ␤-lactam antibiotics were higher and the minimum bactericidal concentration of sodium dodecyl sulfate was lower than for the wild-type strain. Analysis of the N-terminal amino acid sequences of the 35-and 46-kDa OMPs indicated that these proteins are the porin-like OMPs and are related to the toxR-regulated major OMPs of the family Vibrionaceae. The results indicate that the toxR gene is not involved in virulence expression in V. anguillarum PT-24 and that toxR regulation of major OMPs is universal in the family Vibrionaceae. These results support the hypothesis that the ancestral role of the toxR gene is regulation of OMP gene expression and that only in some Vibrio species has ToxR been appropriated for the regulation of a virulence gene(s).
The toxR gene was first discovered as a positive transcriptional regulator of the ctx gene encoding the cholera toxin of Vibrio cholerae (33) . The toxR gene was subsequently shown to encode a transmembrane protein that plays a pivotal role in the coordinate regulation of ctx and many other genes, including the tcp gene encoding toxin-coregulated pili and the ompU and ompT genes encoding major outer membrane proteins (OMPs), in this microorganism (6, 12, 34, 35) . The toxR gene was also detected in Vibrio parahaemolyticus and was shown to stimulate expression of the tdh gene encoding thermostable direct hemolysin, a major virulence factor of this microorganism (29) . In addition, the toxR gene is involved in the stimulation of hemolysin gene expression and regulation of OMP expression in Vibrio vulnificus (27) . Although the nucleotide sequence identities among the three toxR genes were 52 to 63%, the amino acid sequences of the proposed activity domain and the presumed transmembrane domain were well conserved in the amino acid sequences deduced from the three toxR sequences (27, 29) . These findings suggest that the toxR gene is a regulatory gene controlling the expression of the genes encoding important extracellular virulence factors and other virulence-associated genes in vibrios. ToxR regulation of the genes in V. cholerae is mediated by transcriptional activation of the toxT gene, the second regulatory gene in the cascade, and the toxT gene is present in the tcp operon (12) . However, ToxR regulation of the ompU gene is not mediated by ToxT and ToxR activation of the ompU gene is stronger than that of the toxT gene (5) . The ctx operon and the tcp operon of V. cholerae are parts of phage genomes (23, 24, 64) . It was therefore hypothesized that the ompU branch of the ToxR cascade may be the primary role of ToxR and that the toxT-mediated branch may have been introduced later (5) . Furthermore, the product of the tcpP gene was shown to positively regulate toxT expression and overexpression of TcpP can activate toxT transcription in the absence of ToxR (18) .
In addition, the toxR gene seems to be a regulatory gene widely distributed in the family Vibrionaceae; the toxR genes of Vibrio hollisae, Vibrio fischeri, a nonpathogenic species, and a strain of deep-sea bacterium belonging to the genus Photobacterium have been cloned and analyzed (50, 63, 65) . The nucleotide sequences homologous to the internal portion of the toxR gene were detected in at least three other species of the genus Vibrio (Vibrio fluvialis, Vibrio alginolyticus, and Vibrio mimicus) and two subspecies of Photobacerium damselae (44) . The toxR gene was shown to mediate control of the expression of the pressure-responsive porin-like OMPs in the Photobacterium species (65) . This indicates that toxR regulation of OMP ex-pression is not directly related to virulence expression. However, a recent report indicated that ToxR-dependent modulation of OmpU and OmpT in V. cholerae is critical for bile resistance, virulence factor expression, and colonization in the infant-mouse model (48, 49) . It is ideal to study the virulence expression of a pathogen in its natural host, but it is difficult to perform such experiments with humans. Examination in the natural host of an animal pathogen that is related to the human pathogens may provide valuable information on the pathogenic mechanism. A goldfish model for Mycobacterium marinum is a successful example for the study of Mycobacterium tuberculosis pathogenicity (56, 61) .
Vibrio anguillarum is classified in the genus Listonella based on analysis of the 5S rRNA sequence (30) , but it is still referred to as V. anguillarum in many publications. This microorganism is the etiologic agent of vibriosis, a terminal hemorrhagic septicemia, in various marine and freshwater fish (58) . Vibriosis is one of the most important infectious diseases of salmonid fish throughout the world, and in Japan, vibriosis of cultured ayu (Plecoglossus altivelis), a salmonid-related fish, is an especially serious problem (39) . Various virulence factors of V. anguillarum have been proposed. Extracellular products such as proteases (11, 19, 20, 22, 43) and hemolysins (37, 59 ) and cellassociated hemagglutinating activity (60) are considered to be possible virulence factors. Chemotactic motility is required for invasion of the host (45) . The iron-sequestering system encoded on the 65-kb virulence plasmid and regulated by the AngR protein and other regulators is an important mechanism for the organism's proliferation in the host (7, 8, 66) . OMPs may serve as auxiliary virulence factors. The OMPs involved in iron-sequestering systems have been well characterized (1, 2, 9) . A 40-kDa porin and a 35-kDa porin have been studied (51, 55) , but these porins are structurally and functionally similar to well-characterized porins of Escherichia coli and other organisms (10, 51, 54) .
In this study, we cloned and analyzed the toxR gene of V. anguillarum (Va-toxR) and demonstrated universal distribution of the Va-toxR sequence in the representative strains of V. anguillarum. We then constructed a toxR mutant of the V. anguillarum strain isolated from diseased ayu by an allelic exchange method. The effect of the toxR mutation on the expression of extracellular virulence factors, lethality to the natural host, and OMPs were analyzed to examine the hypothesis that the ancestral role of the toxR gene may be a global regulator rather than a virulence regulator.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains used for the DNA colony hybridization test and the PCR test are listed in Table 1 . These strains are our laboratory stock strains. V. anguillarum strains PT-87050 and PT-24 were used for cloning and mutant construction and are included in Table 1 . V. parahaemolyticus AQ3815⌬ToxR was as reported previously (29) . E. coli strains SY327pir, SM10pir, and MC1061 were described previously (4, 34) . The plasmids employed or constructed in this study are described in Table 2 .
Cloning of the Va-toxR gene. The SacI digest of the cellular DNA of V. anguillarum PT-87050 was size fractionated by agarose gel electrophoresis, and DNA fragments of approximately 9.6 kb were cloned into the SacI site of pUC118 in E. coli MC1061. The transformants were grown on Luria-Bertani (LB) agar containing ampicillin and were screened by the DNA colony blot hybridization method with the V. parahaemolyticus htpG (Vp-htpG) gene probe under slightly stringent conditions (in a solution containing 40% formamide and washing at 65°C) as described previously (42) . The probe-positive recombinant plasmid thus selected was named pKON21. The pKON21 DNA digested with appropriate restriction enzymes was examined by Southern blot hybridization with the V. parahaemolyticus toxR (Vp-toxR) gene probe under moderately stringent conditions (in a solution containing 35% formamide and washing at 61.5°C) as described previously (42) . A 2.8-kb probe-positive PstI-SalI fragment of pKON21 was subcloned into pUC119 that had been cleaved with PstI and SalI, resulting in pKON23.
Nucleotide sequence analysis. The nucleotide sequence of the 2.8-kb PstI-SalI insert of pKON23 was determined with the ABI-Prism Big Dye Terminator Cycle Sequencing Ready Reaction Kit and an ABI-Prism 377 sequencer (PerkinElmer, Applied Biosystems Division, Foster City, Calif.) in accordance with the manufacturer's instructions.
DNA probes. To prepare the Vp-htpG probe DNA, a 1.5-kb HindIII fragment internal to the Vp-htpG gene (M. Nishibuchi, J. Okuda, and K. Kumagai, unpublished data) was isolated from pKTN170 and used as the probe DNA. The Vp-toxR probe DNA that is internal to the Vp-toxR coding region was prepared as described previously (29) . The Va-toxR probe DNA was prepared by PCR using pKON23 as the template and VA-U1 and VA-D1 as the primers (Table 3) . The PCR conditions used to amplify the Va-toxR probe sequence were as follows. The PCR mixture consisted of 2 l of pKON23 solution in distilled water (10 ng/l), 5 l of 10ϫ buffer (ExTaq buffer; Takara, Tokyo, Japan), 4 l of 2.5 mM deoxynucleoside triphosphates (dNTPs), 1 l of each primer (20 pmol/l), 0.5 l of Taq polymerase (ExTaq; Takara), and 36.5 l of distilled water. The amplification condition were 30 cycles of 95°C for 1 min, 67°C for 1.5 min, and 72°C for 1.5 min and then an extra extension step of 72°C for 5 min. The 342-bp amplicon was purified by gel electrophoresis and used as the Va-toxR probe DNA. The probe DNAs were labeled by the random priming method with 32 Plabeled dCTP (29) .
DNA colony blot hybridization test for detection of the Va-toxR gene. DNA colony blots were prepared, and DNA colony hybridization was performed under stringent conditions (in a solution containing 50% formamide and washing at 65°C) as described previously (42) .
PCR for detection of the Va-toxR gene. A 1-ml portion of the test strain grown in LB broth with shaking (160 rpm) at 37°C overnight was boiled for 5 min. The supernatant was obtained by centrifugation (15,000 ϫ g) on a tabletop centrifuge and diluted 1:10 with distilled water. A 10-l portion of this preparation was used as the template for PCR amplification. Primers VA-U2 and VA-D1 (listed in Table 3 ) were employed, and the PCR procedure was as follows. The PCR mixture consisted of 10 l of the diluted boiled culture supernatant, 5 l of 10ϫ buffer (ExTaq buffer; Takara), 4 l of 2.5 mM dNTPs, 1 l of each primer (20 pmol/l), 0.25 l of Taq polymerase (ExTaq; Takara), and 28.75 l of distilled water. The amplification condition were 20 cycles of 95°C for 1 min, 62°C for 1.5 min, and 72°C for 1.5 min and then an extra extension step of 72°C for 5 min. A 10-l portion of the reaction mixture was resolved by electrophoresis in a 2% agarose gel to detect 307-bp amplicons.
Construction of a Va-toxR mutant of V. anguillarum. The Va-toxR gene of V. anguillarum PT-24 was replaced with the mutated Va-toxR gene by using an allelic exchange method with suicide vector plasmid pRE112. A 330-bp fragment was deleted from the Va-toxR coding region to construct the mutated Va-toxR gene by using the PCR method that follows. A 1.5-kb upstream sequence and a 1.0-kb downstream sequence of the deletion region were amplified by using pKON23 as the template. The 1.5-kb upstream sequence was amplified with primers VA-KS1 and VA-KR1 (Table 3 ). These primers were designed so that the amplicon has a BamHI site at the 5Ј end and a KpnI site at the 3Ј end. The 1.0-kb downstream sequence was amplified by using primers VA-KS2 and VA-KR2 (Table 3 ). These primers were designed so that the amplicon has a KpnI site at the 5Ј end and a BamHI site at the 3Ј end. The PCR amplification was carried out by using KOD DNA polymerase (TOYOBO, Osaka, Japan) in accordance with the manufacturer's specifications with a change in the amplification conditions to 30 cycles of denaturation at 95°C for 30 s, annealing at 73°C for the 1.5-kb fragment and at 80°C for the 1.0-kb fragment for 30 s, and an extension step of 72°C for 30 s. The 1.5-and 1.0-kb amplicons were purified by gel electrophoresis and digested with KpnI and BamHI. The two digested fragments were cloned simultaneously into BamHI-cleaved pUC1318, resulting in pKON24. The 2.5-kb insert flanked by the SacI recognition sequences was excised from pKON24 by digestion with SacI and cloned into SacI-cleaved pRE112. The resulting plasmid, pKON25, was first constructed in the E. coli SY327pir background and transformed into E. coli SM10pir. pKON25 was then mobilized from this strain into V. anguillarum PT-24 by conjugation. Transconjugants were selected on thiosulfate-citrate-bile-sucrose agar (Difco Laboratories, Detroit, Mich.) supplemented with chloramphenicol (5 g/ml). The chromosomal integration of pKON25 in the transconjugant was confirmed by two PCR methods. First, the wild-type toxR gene of PT-24 and the mutated toxR gene were detected (Table 3 ). The PCR mixture consisted of 1 l of boiled culture supernatant, 5 l of 10ϫ buffer (ExTaq buffer, Takara), 4 l of 2.5 mM dNTPs, 1 l of each primer (20 pmol/l), 0.25 l of Taq polymerase (ExTaq; Takara), and 37.75 l of distilled water. The amplification condition were 30 cycles of 95°C for 1 min, 63°C for 1.5 min, and 72°C for 1.5 min and then an extra extension step of 72°C for 5 min. Additionally, the distance (7.4 kb) between the wild-type and mutated toxR genes in the chromosome was confirmed by PCR amplification with primers VA-KS4 and VA-KR4 (Table 3) , followed by estimation of the amplicon size by gel electrophoresis. The PCR mixture consisted of 5 l of cellular DNA (24 ng/l), 5 l of 10ϫ buffer (ExTaq buffer; Takara), 6 l of 2.5 mM dNTPs, 1 l of each primer (20 pmol/l), 0.5 l of Taq polymerase (ExTaq; Takara), and 31.5 l of distilled water. The amplification condition were 34 cycles of 95°C for 1 min, 67°C for 1.5 min, and 72°C for 2.5 min and then an extra extension step of 72°C for 5 min. PT-24/pKON25 grown overnight in LB broth containing 5% sucrose with shaking at 37°C was inoculated onto LB agar containing 5% sucrose. The colonies were analyzed by the PCR method with primers VA-KS3 and VA-KR3 as described above. One strain that retained the mutated Va-toxR gene and lost the wild-type Va-toxR gene was selected. Finally, the nucleotide sequence of the amplicon corresponding in size to the mutated Va-toxR gene was determined. This confirmed that the desired mutation had been introduced into this V. anguillarum strain. Protease assay. Proteolytic activity was examined by the casein plate method as described by Gardel and Mekalanos (14) , except that the casein plate inoculated with the test strain was incubated at 25°C for 18 h. In another proteolytic assay, the extracellular products (ECP) of the test strain were prepared by the cellophane plate technique and the proteolytic activity of the ECP was measured by the method described by Inamura et al. (19) . Briefly, a sterile sheet of cellophane was placed on the surface of a nutrient agar plate and 0.2 ml of the seed culture of the test strain in LB broth was spread on the cellophane sheet. After 24 h of incubation at 25°C, bacterial growth was washed off the cellophane sheet with 4 ml of 0.01 M phosphate-buffered saline (pH 7). The supernatant of the suspension was obtained by centrifugation (10,000 ϫ g, 5 min), and the supernatant was used as the ECP. A reaction mixture containing 0.5 ml of azocasein at 5 mg/ml, 0.4 ml of distilled water, and 0.1 ml of an ECP sample solution was incubated at 25°C for 20 min. The reaction was stopped by addition of 3.5 ml of 5% trichloroacetic acid, the precipitate was removed by centrifugation at 5,600 ϫ g for 5 min, and 4.5 ml of 0.5 M NaOH was added to the supernatant. The proteolytic activity of each sample was measured by determining the A 440 .
Extracellular hemolysin assay. The test strain was streaked onto sheep blood agar purchased from Eiken Chemical Co., Ltd., Tokyo, Japan (product number E-MR93). The result was recorded after incubation at 25°C for 40 h.
Cell-associated hemolysin and hemagglutination assays. The assays for the cell-associated hemolysin and hemagglutination were carried out as described by Gardel and Mekalanos (14) , except that sheep erythrocytes were used in place of chicken and human erythrocytes. The cell-associated hemolysin titer and the hemagglutination titer were expressed as the reciprocal of the highest dilution of the sample that gave a positive reaction.
Pathogenicity tests. Healthy ayu weighing 3 g, on average, were challenged with the test strain grown on triptic soy agar (Difco) at 25°C for 24 h. Twenty fish in each test group were injected intramuscularly with 0.05 ml of 0.85% NaCl solution containing a known number of bacterial cells (the intramuscular injection method) or immersed for 10 min in 0.5% NaCl solution containing a known number of bacterial cells (the immersion method). Control fish received the same treatment, except that bacterial cells were not added to the NaCl solutions. After these treatments, fish were kept in flowthrough fresh water maintained at 22°C in 40-liter tanks. Mortality was recorded daily for 7 days. Kidneys of dead fish were subjected to bacterial isolation, and the isolated bacterium was confirmed to be the test strain by the agglutination test with anti-V. anguillarum J-O-1 (serotype A) rabbit antiserum.
Extraction and analysis of OMPs. The test strain was grown with shaking (125 rpm) for 16 h in modified LB broth where the pH or NaCl concentration was varied at 25°C or in LB broth at pH 7.0, 1.0% NaCl and various temperatures. The outer membrane of the test strain was extracted by a modification of the method described by Simon et al. (51) . Briefly, bacterial cells were harvested by centrifugation at 10,000 ϫ g for 10 min at 4°C, washed in 10 mM HEPES, and disrupted by sonication on ice with a W-225R sonicator (Heat Systems-Ultrasonics, Inc., Farmingdale, N.Y.) for 3 min at an output control setting of 6. The suspension was centrifuged at 6,000 ϫ g for 5 min to remove intact cells. The cell fragments were collected by sedimentation at 20,000 ϫ g for 1 h at 4°C. The cytoplasmic membrane in this preparation was solubilized with 0.7% sarcosyl, and the remaining outer membrane was collected by centrifugation at 20,000 ϫ g for 1 h at 4°C. An outer membrane preparation containing 24 g of protein was separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis using a 5% stacking gel and a 10% separating gel. The gels were stained with Coomassie brilliant blue R-250. The molecular weights of the proteins were estimated with standard low-molecular-weight markers purchased from Bio-Rad (Hercules, Calif.).
N-terminal amino acid sequencing. The 35-kDa major OMP detected in the OMP preparation of PT-24 and the 46-kDa OMP detected in PT-24⌬toxR (explained below) were separated by SDS-polyacrylamide gel electrophoresis as described above and transferred to an Immobilon-P membrane filter (Millipore, Bedford, Mass.). The membrane was stained with Coomassie brilliant blue R-250. The portions of the filter containing the 35-and 46-kDa major OMP bands were cut out, and the N-terminal amino acid sequence of each protein was determined by the standard technique (32) .
MIC. MICs of antibiotics were determined by the twofold agar dilution method recommended by the Japan Society of Chemotherapy. The test strain was grown in LB broth to mid-logarithmic phase at 25°C. The concentration of the organism was then adjusted to 10 6 CFU/ml, and 5 l of the culture was inoculated onto LB agar containing the test antibiotic. The MIC was determined after 18 h of incubation at 25°C.
Determination of resistance to anionic detergents. A minimum bactericidal concentration (MBC) assay was performed essentially as described by Provenzano et al. (49) with some modifications. The test strain was grown in LB broth (containing 1% NaCl) with shaking (160 rpm) overnight. Ten microliters of the seed culture was inoculated into 5 ml of fresh LB broth and incubated with shaking for 12 h (V. anguillarum), 6 h (V. parahaemolyticus AQ3815), or 7.5 h (V. parahaemolyticus AQ3815⌬ToxR). This broth culture was diluted 1:500 in fresh LB broth. Twenty microliters of the diluted culture containing 1.2 ϫ 10 5 to 2 ϫ 10 5 CFU of each test strain was inoculated into 2 ml of LB broth containing the test anionic detergent and incubated with shaking for 24 h. One hundred microliters of the culture was then inoculated onto LB agar medium and incubated for up to 36 h. The incubation temperatures for V. anguillarum and V. parahaemolyticus were 25 and 37°C, respectively, throughout the experiment. The MBC was defined as that at which no viable bacteria were recovered (49) . The assay starting with the same seed culture was performed in triplicate. Values in Table 6 were obtained from three independent experiments performed as described by Provenzano et al. (49) . The anionic detergents examined included bile (cholic acid sodium salt; Nacalai Tesque, Inc. Kyoto, Japan), deoxycholate (DC; deoxycholic acid sodium salt; Sigma), and SDS (sodium lauryl sulfate; Nacalai Tesque, Inc.). A log 2 dilution of the test detergent was employed (discussed below).
Nucleotide sequence accession number. The nucleotide sequence of the VatoxR gene will appear in the GenBank nucleotide sequence database under accession number AB042547.
RESULTS

Analysis of the Va-toxR gene sequence.
We hypothesized that the toxR-htpG gene arrangement is universal in vibrios and utilized the Vp-htpG gene probe to clone the DNA fragment of V. anguillarum containing both the htpG and toxR genes (discussed later). A Vp-htpG gene probe-positive 9.6-kb SacI fragment was first cloned from cellular DNA of V. anguillarum PT-87050. A 2.8-kb PstI-SalI fragment that hybridized with the Vp-toxR gene probe was then subcloned from the 9.6-kb SacI fragment. Nucleotide sequence analysis of the 2.8-kb PstI-SalI fragment revealed an open reading frame of 864 bp encoding 288 amino acid residues. The sequence was 63, 62, 57, 57, and 51% identical to those of the toxR genes of V. parahaemolyticus, V. cholerae, V. fisheri, Photobacterium sp., and V. hollisae, respectively. The amino acid sequence encoded by the V. anguillarum toxR homologue was 59, 60, 45, 44, and 38% identical to those of the ToxRs, respectively. An alignment of the amino acid sequences is shown in Fig. 1 . The sequence of V. anguillarum contained the sequences of the conserved regions (discussed below). We therefore judged that the open reading frame is the coding region of the Va-toxR gene.
Distribution of the Va-toxR sequence. The presence or absence of the Va-toxR-specific sequence in various strains of V. anguillarum and non-V. anguillarum species was examined by the DNA probe and PCR methods (Table 1) . A 341-bp sequence internal to the Va-toxR gene was used as the probe DNA in the DNA colony blot hybridization test performed under stringent conditions. All strains of V. anguillarum belonging to various serotypes and isolated from various sources over 31 years gave positive results, whereas the strains belonging to 34 other species of the genus Vibrio yielded negative results. PCR primer sequences were selected from the regions not conserved among the toxR sequences of various Vibrio species, and the PCR condition were optimized to achieve specific anneal- 
CCAGCCTCATCTTACTAGCAAATCA
a The underlined sequences are extra bases added for cloning purposes, and these do not appear in the sequences deposited in the GenBank database. (44) . The sequences were taken from those reported in the literature (29, 35, 49, 63, 65) .
ther than PT-87050 (discussed below) was replaced with the mutated Va-toxR gene by an allelic exchange method, and the mutant strain was designated PT-24⌬toxR.
The degrees of proteolytic activity of PT-24 and PT-24⌬toxR were visualized as the zones of clearing around bacterial growth on casein plates, where they were very similar (Fig. 2) . The A 440 values of extracellular proteases of PT-24 and PT24⌬toxR measured by the cellophane plate technique were 0.0734 Ϯ 0.00175 and 0.0870 Ϯ 0.0174, respectively (results of three independent experiments). The difference between the two strains was not statistically significant (P Ͼ 0.2).
The hemolytic activities of the two strains were visualized as the zone of clearing around bacterial growth on sheep blood agar plates and were similar in level (Fig. 3) . The hemagglutination assay of Gardel and Mekalanos (14) was performed since this method also allows semiquantitative measurement of a cell-associated hemolysin(s). PT-24 and PT-24⌬toxR showed the same hemolytic titer of 4,096 against sheep erythrocytes. Neither PT-24 nor PT-24⌬toxR manifested hemagglutination activity in this assay.
Effect of toxR mutation on pathogenicity for ayu. Healthy ayu were challenged with PT-24 and PT-24⌬toxR. The results of the challenge by the intramuscular injection and immersion methods are summarized in Fig. 4 and 5, respectively. The percent mortality and the average time to death for the two strains did not markedly differ in either of the challenge tests. The calculated 50% lethal doses of PT-24 and PT-24⌬toxR by the intramuscular injection method were 10
1.7 and 10 1.9 CFU/fish, respectively, and those by the immersion method were 10 5.4 and 10 5.6 CFU/ml, respectively. Effect of toxR mutation on the expression of OMPs. The OMP profiles of PT-24 and PT-24⌬toxR grown under varied cultural conditions were compared. The cultural conditions varied included the incubation temperature and the pH and NaCl concentration of the culture medium (Fig. 6 ). PT-24 (Fig.  6, lane 1) invariably produced a 35-kDa major OMP (indicated by the closed triangle), whereas PT-24⌬toxR (Fig. 6, lane 2) did not produce this protein under any of the cultural conditions tested. On the other hand, PT-24⌬toxR produced a 46-kDa major OMP (indicated by the open triangle) and PT-24 produced this protein at negligible levels except when it was grown at 35°C.
The sequence of the first 16 amino acid residues at the N-terminal end of the 35-kDa major OMP was GELYNQDG TSLEMGGR. The N-terminal amino acid sequence of the first 17 residues of the 46-kDa major OMP was AEIYANDTT AVKLKGEV. The sequences of the 35-and 46-kDa OMPs (Table 4) . Effect of toxR mutation on sensitivity to ␤-lactam antibiotics. MICs of selected ␤-lactam antibiotics against V. anguillarum PT-24 and PT-24⌬toxR were determined (Table 5 ). There was no significant difference between PT-24 and PT-24⌬toxR in susceptibility to imipenem, ceftazidime, and moxalactam (MIC difference, Ͻ2-fold). However, PT-24⌬toxR was less sensitive to cefotaxime and aztreonam than was PT-24 (16-and 4-fold MIC differences, respectively).
Effect of toxR mutation on resistance to anionic detergents. The MBCs of bile, DC, and SDS against PT-24 and PT-24⌬toxR were determined (Table 6 ). Those against V. parahaemolyticus AQ3815, a wild-type strain isolated from a patient with diarrhea, and its toxR null mutant, AQ3815⌬ToxR, were also determined under the same conditions as a control set (Table 6 ; discussed below). Mutation in the toxR gene reduced the resistance of V. anguillarum PT-24 to SDS and that of V. parahaemolyticus AQ3815 to bile and SDS.
DISCUSSION
In this study, we demonstrated that the toxR gene is present in V. anguillarum. This provides some evidence to support the hypothesis that the toxR genes are universally distributed in the family Vibrionaceae. Osorio and Klose aligned the amino acid sequences deduced from the partial toxR genes of Vibrio species and Photobacterium species and showed conservation of the homologous sequences corresponding to the presumed transcriptional activation, transmembrane, and periplasmic domains (44) . The homologous sequences corresponding to these presumed domains were also detected in the deduced amino acid sequence of V. anguillarum ToxR (indicated by three kinds of overlines in Fig. 1) . The results suggest that V. anguillarum ToxR is likely to encode a function(s) shared with the ToxRs of other bacterial species.
The htpG genes of V. cholerae, V. parahaemolyticus, V. vulnificus, and V. hollisae were located immediately upstream of the toxR genes, and the homology between the htpG genes of V. cholerae and V. parahaemolyticus was considerably higher than that between the toxR genes of the two species (29, 47, 63; M. Nishibuchi, J. Okuda, and K. Kumagai, unpublished data). As reported in our previous study on the V. hollisae toxR gene (63) , cloning of the Va-toxR gene was achieved by utilizing the Vp-htpG gene probe because the assumption that the htpG and toxR loci are physically linked was valid. It appears very likely that the htpG-toxR gene arrangement is conserved in the family Vibrionaceae and that this cloning strategy will be applicable to cloning of the toxR gene from other members of this family. There is a growing interest in the methods used to isolate V. anguillarum from the marine environment and to identify isolated strains (3, 31) . We showed in our previous studies that the toxR gene is a useful target for the development of genetic identification methods because interspecies homology values of the toxR gene are much lower than those of rRNA genes (26, 63) . Other workers have also agreed with this idea (44) . Both the DNA probe and PCR methods established in this study specifically detected the toxR gene sequence in V. anguillarum but not in other species of the genus Vibrio ( Table 1) . The PCR method is more practical than the DNA probe method. The Va-toxR-specific PCR method was also shown to be useful in distinguishing V. anguillarum from other fish-pathogenic bacteria. This PCR method can therefore be useful in identifying V. anguillarum strains isolated from marine environments and diseased fish. Direct application of the V. hollisae toxR-specific PCR method to environmental samples was shown to be helpful in the isolation of V. hollisae (63) . Likewise, the Va-toxR-specific PCR method may prove useful for the isolation of V. anguillarum from environmental samples.
We first tried to replace the toxR gene with the mutated Va-toxR gene by using a suicide vector-mediated allelic exchange method with V. anguillarum PT-87050, from which the Va-toxR gene was cloned. However, no transconjugant was obtained after extensive efforts to conjugally transfer pKON25 into PT-87050. As reported by Singer et al. (52) , some strains of V. anguillarum have an apparent defect in homologous recombination that limits the use of marker exchange techniques for the construction of specific chromosomal gene mutations. We considered that V. anguillarum PT-87050 is probably defective in homologous recombination. We therefore changed the recipient strain of the conjugation to PT-24 and succeeded in constructing the mutant.
The involvement of the Va-toxR gene in the regulation of virulence and OMP expression was examined by comparing PT-24 and PT-24⌬toxR. Unlike the findings on V. cholerae, V. parahaemolyticus, and V. vulnificus (27, 29, 33) , the toxR gene was not implicated in control of the expression of extracellular virulence factors in V. angullarum PT-24. Furthermore, direct evidence that the toxR gene is not associated with virulence expression was obtained in the pathogenicity tests, in which the natural host, ayu fish, was challenged with the test strains. The immersion method simulates a natural course of infection, and the intramuscular injection method examines the ability of the bacterium to proliferate in vivo and cause septicemia. No remarkable difference was seen between the two test strains in these pathogenicity tests (Fig. 4 and 5) . These results are direct evidence that ToxR is not involved in virulence regulation and support the hypothesis that the ancestral role of the toxR gene is not the control of virulence. Rather, the toxR regulation of virulence genes in the three human-pathogenic vibrios may be fortuitous events. The ctx and tcp genes of V. cholerae are carried by bacteriophages and are present almost exclusively in serovars O1 and O139 (23, 24, 64) , suggesting that these virulence genes were acquired by these serovars through phage conversion. There is enough evidence suggesting that the tdh gene encoding thermostable direct hemolysin was acquired by V. parahaemolyticus through horizontal transfer (41, 57) . In addition, the levels of stimulation by the toxR gene of the V. parahaemolyticus tdh gene and the V. vulnificus hemolysin gene were much lower than that observed for the V. cholerae ctx gene (27, 29, 33) . The acquired genes were probably placed under toxR control by different mechanisms in each genetic background after gene transfer. Control of the expression of acquired virulence genes by a preexisting regulator is also known in Salmonella. The PhoP and PhoQ proteins form a two-component global regulatory system in both pathogenic and nonpathogenic organisms. Many horizontally acquired virulence genes seem to have been appropriated so that the expression of the acquired genes is controlled by the PhoP-PhoQ system in Salmonella enterica serovar Typhimurium (15, 16) .
OMPs have been examined in four of the reported toxRbearing species. The toxR gene was shown to be involved in the control of the expression of major OMPs in all cases. Miller and Mekalanos (34) reported that OmpU required the toxR gene for expression and OmpT was expressed maximally in the absence of a functional toxR gene in V. cholerae. Similar observations were made on V. vulnificus (38-and 36-kDa OMPs, respectively; 27) and Photobacterium sp. (OmpL and OmpH, respectively; 65). The 35-and 46-kDa major OMPs of V. anguillarum, respectively, appear to correspond to these toxRregulated major OMPs. Similarities of the N-terminal sequence among these proteins support their relatedness ( Table  4 ). The 35-kDa major OMP of V. anguillarum PT-24 is homologous to the OMPs of V. cholerae, V. vulnificus, and Photobacterium sp. under positive ToxR regulation, with the V. vulnificus 38-kDa OMP showing the highest homology. The 46-kDa major OMP of V. anguillarum PT-24 was homologous, to some extent, to the OMPs of V. cholerae and Photobacterium sp. under negative ToxR regulation, although higher homologies with the porin family OMPs of other gram-negative bacteria were detected. Furthermore, the abundance of the ToxR-regulated OMPs is influenced by cultural conditions and the toxR gene seems to mediate transfer of the environmental signal to expression of the OMPs (34, 65) . The Va-toxR-mediated expression of the V. anguillarum 46-kDa major OMP was influ- enced by the incubation temperature. toxR-regulated OmpL and OmpH of Photobacterium sp. have been suggested to be porin proteins that might be involved in pressure-mediated alterations in membrane structure in this deep-sea bacterium (65) . The 35-and 46-kDa major OMPs of V. anguillarum were postulated to be porin proteins because of the similarity of their N-terminal amino acid sequences to those of well-characterized porin proteins of gram-negative bacteria (Table 4) . In particular, the 35-kDa major OMP probably corresponds to the porin-like protein termed Omp35La (55), which is highly related to the 40-kDa major OMP (10) . Hydrophilic molecules, such as ␤-lactam antibiotics, pass the outer membrane through the porin channels. We demonstrated that toxR mutation induced resistance to ␤-lactam antibiotics such as cefotaxine and aztreonam (Table 5 ). It is likely that the 35-kDa major OMP forms a porin channel through which these ␤-lactam antibiotics can penetrate, although the possibility that other ToxR-regulated proteins are involved cannot be ruled out.
Provenzano et al. reported that toxR mutation in human intestinal pathogenic Vibrio species, including V. cholerae, V. mimicus, V. fluvialis, and V. parahaemolyticus, lowered the MBCs of anionic detergents (bile, DC, and SDS) against these species and altered their OMP profiles (49) . The authors proposed from these results that the ToxR-dependent OMPs may mediate enhanced resistance to these detergents. The enhanced bile resistance would help human enteric pathogens to persist in the intestinal environment. The toxR mutation reduced the resistance of V. anguillarum PT-24 to SDS but not to bile and DC ( Table 6 ). As a control experiment, we included the wild type and a toxR mutant strain of V. parahaemolyticus AQ3815 that we used in our previous study on ToxR (29) . Our results indicated that toxR expression contributes to increased resistance of AQ3815 to bile and SDS but not to DC. The result that the toxR mutant of V. parahaemolyticus did not exhibit lowered resistance to DC in our test could be due to the sensitivity of the MBC determination method. We employed a log 2 dilution of the test detergent because the assay using concentrations of the test detergent closer than the log 2 difference did not allow us to obtain reproducible results (data not shown). It seems reasonable that toxR expression increased the resistance of V. anguillarum PT-24 to neither bile nor DC because this organism is not an enteric pathogen. Expression of the toxR gene clearly increased the resistance of V. anguillarum and V. parahemolyticus to SDS in our experiment. If ToxR-dependent OMP expressions are associated with the protection of these pathogens against anionic detergents in general, the protection by the OMPs may not always be related to intraintestinal events. Therefore, control of the expression of Omp35La porin and the 46-kDa major OMP may play an important role in the adaptation of V. anguillarum to varying environmental conditions, such as fresh versus marine water, aquatic versus in vivo environments, and the aquatic environment contaminated with antibiotics or detergents.
In conclusion, the results obtained in this study indicate that ToxR regulation of OMP expression is not associated with virulence expression in V. anguillarum PT-24. This supports the hypothesis that the ancestral role of the toxR gene is control of the expression of OMP-encoding genes, so that the members of the family Vibrionaceae can adapt themselves to varying environmental conditions. We suspect that the ToxR regulation of a virulence gene(s) in only several pathogenic Vibrio species reflects the appropriation of ToxR for virulence gene expression.
